While an isolated individual molecule clearly has only one ionization potential, multiple values are found for molecules in ordered assemblies. Photoelectron spectroscopy of archetypical π-conjugated organic compounds on metal substrates combined with first-principles calculations and electrostatic modeling reveal the existence of a surface dipole built into molecular layers. Conceptually different from the surface dipole at metal surfaces, its origin lies in details of the molecular electronic structure and its magnitude depends on the orientation of molecules relative to the surface of an ordered assembly. Suitable pre-patterning of substrates to induce specific molecular orientations in subsequently grown films thus permits adjusting the ionization potential of one molecular species over up to 0.6 eV via control over monolayer morphology. In addition to providing in-depth understanding of this phenomenon, our study offers design guidelines for improved organic/organic heterojunctions, hole-or electron-blocking layers, and reduced barriers for charge-carrier injection in organic electronic devices.
We performed X-ray photoelectron spectroscopy (XPS) and ultraviolet photoelectron spectroscopy (UPS) on α,ω-dihexyl-sexithiophene (DH6T) and α-sexithiophene (6T), on Ag(111). The IPs of the molecules change by up to 0.6 eV depending on whether they are lying down flat on the substrate or standing upright. In contrast to prior attempts [10] [11] [12] [13] [14] [15] [16] , we rationalize these observations in terms of the collective electrostatic effect of the highly anisotropic intra-molecular charge distribution based on density-functional theory (DFT) calculations and electrostatic modeling. Supplementary studies on different substrates and molecules underline the universality of the observed effects and their explanation. We stress that the general concept is valid also for single crystals and ordered polymers.
Since 6T and DH6T are used in organic field-effect transistors (OFETs) [17] [18] [19] [20] [21] [22] [23] , we discuss the immediate practical relevance of our findings in terms of the hole-injection barrier (HIB), a crucial parameter in organic electronic devices 6, 24, 25 . Pre-patterning an electrode with films of lying or standing DH6T allows for subsequent growth of films of likewise lying or standing 6T molecules and thus permits lowering the HIB at the Ag/6T contact by 0.4 eV. Furthermore, we derive conceptual guidelines for molecular design to optimize the energy-level alignment at inorganic/organic and organic/organic heterojunctions. Our findings thus open new routes towards organic electronic devices with improved performance and functionality, not only OFETs but also organic light emitting diodes (OLEDs) and organic solar cells.
to investigate whether the core-levels are affected in the same way as the valence levels.
For DH6T, the XPS spectra of the sulfur 2p core levels are shown in Figure 1c . While only one doublet (2p 3/2 at 164.40 eV and 2p 1/2 at 165.65 eV) is observed in the L-regime, a second doublet appears in the S-regime which is shifted by 0.6 eV towards lower BE.
The consistency with the UPS data confirms that indeed all electronic states in the (lying) monolayer (L) are rigidly shifted to lower binding energy with respect to E F and V vac .
In a second set of experiments, we investigate the orientation dependence of the IP in ordered layers of 6T. In contrast to DH6T, 6T Figure 2a . Again, three peaks (HOMO, HOMO-1, and HOMO-2) can be identified with maxima at 1.8 eV, 2.5 eV, and 3.1 eV. Since the π-electronic structure of 6T is virtually identical to that of DH6T, the intensity ratio of the HOMO and HOMO-1 peaks of 1:1 is in accordance with the model of lying molecules 31 . Pre-patterning the Ag(111) substrate with a (lying) monolayer of DH6T and subsequent deposition of 6T does not change the valence spectrum of 6T
( Figure 2a ). The ID between DH6T and 6T is negligible (< 0.1 eV) and thus indicative of vacuum-level alignment 6, 7 at this organic/organic heterojunction. In the next experiment, the Ag(111) surface was pre-patterned with a bilayer of DH6T, i.e., standing DH6T is now exposed on the surface. Deposition of 6T onto this modified substrate significantly alters the UPS spectrum of 6T (Figure 2a ). The valence levels are rigidly shifted by 0.4 eV towards lower BE and the intensity ratio HOMO:HOMO-1 changes to 1:2. We therefore propose the growth model shown in Figure 3 for this organic heterostructure:
Due to relatively strong π-π interactions, 6T grows lying down (L) on the lying DH6T monolayer; on the second (standing) DH6T layer, 6T also grows standing upright (S) as π-π interactions between 6T molecules dominate over the interaction with the now inert surface composed of the alkyl chains of the underlying (standing) DH6T layer. As vacuum-level alignment 6, 7 prevails also between the bilayer DH6T and 6T, the shift of the HOMO observed in Figure 2a It may be speculated, however, that the photo-hole is more efficiently screened by surrounding standing molecules than by surrounding flat-lying molecules and, for similar organic compounds, the impact of molecular orientation on the IP has indeed been qualitatively rationalized in terms of the polarization energy depending on the packing density and/or morphology 10, 11, 15, 16 . Here, we provide an upper limit for this proposed variation in polarization energy: A molecule in the topmost organic layer is surrounded by the metal substrate (at some distance), neighboring molecules in the half-space below, and by vacuum in the half-space above; a molecule deeper in the organic layer is additionally surrounded by molecules on top. 35 Clearly, the presence or absence of neighboring molecules in the upper half-space must have a stronger effect on the polarization energy (and thus the measured IP) than differences in the orientation of neighboring molecules. Re-examining the XPS data in Figure 1c , we find that the binding energy of the S(2p) peaks attributed to the first (lying) layer of DH6T does not change upon deposition of subsequent layers of DH6T. In order to further confirm our reasoning, we performed additional independent measurements (see Supplementary Information) which yield an upper limit of 0.15 eV for the difference in polarization energy between bulk and surface. 36 We thus conclude that the 0.6 eV [0.4 eV] difference in the IP between standing and lying DH6T [6T] can not be explained in terms of photo-hole screening effects alone, and that another mechanism must be involved.
and the repeated-slab approach on single layers of standing and lying DH6T and 6T molecules based on available structural data (see Methodology section for details) 13 , 29, 37-39 . The occupied density-of-states (DOS) for a lying (L) and standing (S) layer of DH6T is shown in Figure 1b . In addition to good qualitative agreement with the experimental UPS spectra (Figure 1a ), we find that indeed, all molecular levels are closer to V vac for the S-layer compared to the L-layer, i.e., the IP is lower for standing molecules. For 6T, DFT calculations yield similar results: the molecular levels are closer to V vac for the Slayer, i.e., the IP is again lower compared to molecules in the L-layer. The corresponding DOS is shown in Figure 2b .
To rationalize the fundamental mechanism that gives rise to this shift, we consider electrostatics on the molecular scale in analogy to the situation for extended metal surfaces vs. metal nanoclusters (vide supra). In Figure 4a we show the electrostatic potential (obtained from DFT calculations) around one isolated 6T molecule relative to its HOMO energy. The coloring scheme (together with the energy scale) thus indicates the amount of work required to promote one electron out of the HOMO to any given point in space. Consistent with the observation that an isolated molecule has only one well-defined IP 40 , the potential converges to a single value of V vac (cyan) in any direction on a sub-molecular length scale. It becomes apparent though, that V vac is higher directly above the (negatively charged) π-electron system (blue region marked "L") than next to the hydrogen-terminated ends of the molecules (green region marked "S"). To a first approximation, the potential distributions of the individual molecules add up as molecules assemble into, e.g., crystals or layers 6 . For molecules standing in a layer, the Sregion dominates the electrostatic potential above the layer while for lying molecules the L-region determines the value of V vac above the layer. This is shown in Figure 4b and 4c, where the electrostatic potential of the molecular layers is plotted relative to their respective HOMO energies. Clearly, V vac is higher (blue) above the layer with lying molecules than it is above the layer comprising only standing molecules (green), thus leading to the lower IP of the latter. To confirm the validity of our model, we performed DFT calculations also for lying and standing layers of pentacene, where the difference between the two respective IPs was experimentally determined to be ca. 0.5 eV and no satisfactory explanation could be found 11, 13, 14 . In good agreement, our calculations yield a difference of 0.6 eV.
While DFT calculations permit quantitative analysis, we offer an even simpler, purely electrostatic model in order to establish a more intuitive picture. We approximate the charge distribution corresponding to one 6T molecule We emphasize that the presence of an intrinsic surface dipole in molecular layers has important implications for organic electronics: Figure 6b shows that an electronic heterojunction with a large energy-level offset can, in fact, be realized with only one molecular species (DH6T), a so far unexplored concept. As such heterojunctions play a crucial role in organic solar cells and in the context of hole-or electron blocking layers in OLEDs, we suggest that this energy-level offset may be tuned by chemically tailoring the end-groups on the π-conjugated core (alkyl segments in DH6T). Inserting a dipole pointing away from the core by, for example, introducing heteroatoms or making them more electron withdrawing (e.g., by fluorination 23 ), increases the IP of the standing layer (thus decreasing the offset); a dipole pointing towards the core or more electron-donating groups can be expected to further decrease the IP of the S-layer (thus increasing the offset). As it determines the barrier for charge-carrier injection into the organic, also the energy difference between the Fermi level of a (metallic) electrode and the conducting states in the active organic layer is of uttermost importance for optimizing the performance of organic electronic devices 6, 24, 25 . For the occupied manifold of states discussed in the present study, this is the hole injection barrier (HIB) 6, 24 . While control over its orientation already allows considerably reducing the HIB into one and the same molecule by several tenths of an eV, the strategies for chemical modification suggested above can be expected to contribute to a further lowering; similar considerations hold for the unoccupied manifold of states connected to the electron injection barrier in n-type OFETs 23 .
As also other important factors in organic electronic devices, e.g., photoluminescence or charge-carrier mobility 17, 43, 44 , depend on the orientation of the (intrinsically anisotropic) molecules, our approach of pre-patterning a metal surface with appropriate molecular species (shown here for DH6T) seems to be a promising tool for controlling the orientation of subsequently deposited molecules; for 6T, the gradual transition 31, 33 from lying to standing orientation can be reduced from hundreds of layers to only two.
Methodology
UPS experiments were performed at the FLIPPER II end-station at HASYLAB Germany) 46 . There, the UHV system consists of interconnected sample preparation (base pressure 1×10 -8 mbar) and analysis (base pressure 1×10 -10 mbar) chambers. The spectra were collected with a hemispherical electron energy analyzer (Scienta SES 100) with 120 meV energy resolution at 20 eV pass energy. The photon energy was 400 eV. Additional XPS spectra were measured with an Al K α1/2 lab source in a custom UHV system.
Sample preparation for XPS measurements was analogous to that for UPS measurements.
All preparation steps and measurements were performed at room temperature. The fitting of UPS and XPS spectra (Voigt peaks and Shirley background) was performed with the program WINSPEC (Namur University).
In the DFT calculations the repeated slab approach was employed with the vacuum region separating two consecutive molecular layers being ≥ 20 Å. The PW91 exchange-correlation functional was used. For the valence-core interactions, the projector augmented-wave method 47 was employed permitting the low kinetic energy cutoff of 20
Ryd for the plane-wave expansion of the valence Kohn-Sham orbitals. Monkhorst-Pack standing structures) were used for the integration of the 2D Brillouin zone. The isolated 6T molecule was calculated in a 50×30×20 Å box at the Γ-point only. The atomic positions within the molecules were optimized until all remaining forces were ≤0.01 eV/Å. All calculations were performed with the VASP code 48, 49 . The 3D graphics were produced with XCrysDen 50 .
In the absence of experimental structural data for (lying) monolayers on Ag(111), the surface unit cells of the respective molecules on Au(111) were used in the DFT calculations: a=25 Å, b=6 Å, γ=65.0° for 6T 29 ; a=38 Å, b=16 Å, γ=19.0° for DH6T 29 ; and a=5.76 Å, b=15.3 Å, γ=79.1° for pentacene 13, 37 . Since also the actual thin film structures for the (standing) multilayer systems are not known from experiment, a single layer of standing molecules was cut out of the respective bulk structures for the DFT calculations;
the lateral unit cells containing two molecules arranged in typical herringbone fashion were taken to be a=7.851 Å, b=6.029 Å, γ=0° for 6T 38 and a=6.266 Å, b=7.742 Å, γ=84.68° for pentacene 13, 39 ; the long molecular axes in these structures are tilted by ca 25° from the layer normal. For DH6T, a single layer of 6T was cut out of the 6T bulk structure and a hexyl chain was manually attached to either end of the molecules; in the course of the subsequent DFT calculations, the geometry of these hexyl chains was optimized.
Due to intrinsic shortcomings of DFT, the calculated HOMO energies usually underestimate IPs. As photo-hole screening is not included in standard DFT calculations, to removal of the photo-electron. We attribute the overestimation of the shifts in IP to the high degree of order and uniformity in the simulations (not necessarily present in experiment) and to possible discrepancies between the structures assumed for the calculations and the actual structures probed in experiment.
The two-dimensional model molecular crystal in Figure 6c 
